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ABSTRACT 
 
The severe energy constraints of wireless sensor networks 
(WSNs) require energy-efficient communication protocols 
in order to fulfill the objectives of the application. Cross-
layer design is a technique which can potentially be used to 
improve the overall performance of WSNs by way of jointly 
optimizing and exploiting the interactions between various 
layers of the network protocol stack. In this paper, we 
propose a cross-layer framework design for the Embedded 
Middleware in Mobility Applications (EMMA) project. 
This optimization agent based framework design provides 
efficient data exchange between the various protocol layers 
via a state repository to improve the performance of WSN 
applications in terms of memory consumption and 
processing overhead.  
 
1. INTRODUCTION 
 
Within the last few years wireless sensor networks (WSNs) 
have been introduced to monitor our physical environment 
in unique ways. They use low cost, low power, 
multifunction sensor nodes to sense, process and exchange 
data through wireless communication. Therefore, WSNs 
eliminate the need for any human intervention [1]. 
However, while many such systems have been proposed, 
energy constraints and the lack of energy-efficient 
communication protocols limit their widespread use in the 
real world for applications such as those in EMMA [2]. 
These transport applications are expected to be densely 
deployed over a large geographical area and pose a great 
challenge to WSN protocols. 
Cross-layer design is a promising approach that can be 
used to improve the overall performance of WSNs by 
jointly optimizing network layers and by exploiting their 
dependencies [3]. This approach can be used to design and 
implement a cross-layer framework that can improve energy 
conservation in WSNs. In this paper, we propose a cross-
layer framework design for the EMMA project. This 
optimization agent based framework design provides 
efficient data exchange between the various protocol layers 
via a state repository. This framework aims to improve the 
performance of WSN applications in terms of memory 
consumption and processing overhead.  
This paper is part of ongoing research on designing and 
developing a cross-layer framework for WSNs and builds 
on the previous work reported in [4] and [5]. It is organized 
as follows. In Section 2, we describe the EMMA project in 
detail including its objectives and challenges. The cross-
layer framework design is outlined in Section 3 in terms of 
framework classification and cross-layer design 
requirements. In Section 4, we describe our proposed cross-
layer framework design for EMMA including the 
framework architecture and main tasks for designing, 
testing and developing such a framework. Lastly, we 
highlight some challenges anticipated in this ongoing 
research project and discuss our future research scope. 
 
2. THE EMMA PROJECT 
 
2.1. Overview 
 
The EMMA project is funded under the Information Society 
Technologies (IST) Priority of the 6th Framework 
Programme of the European Commission [2]. The 
application domain of transport will be taken as a pilot 
example where EMMA will foster cost-efficient ambient 
intelligence systems with optimal performance, high 
confidence and faster deployment. EMMA will play a major 
role in opening new possibilities in the field of automotive 
sensing technologies by creating a middleware for the 
development of future intelligent transport systems. The 
goal of the EMMA project is defined as to open new 
prospects in the field of embedded middleware for wireless 
cooperative objects (wicos), the individual wireless sensing 
objects capable of simple sensing, communicating, and 
cooperating with other individual entities, intelligent 
objects, networks, or controllers to jointly control and 
influence the physical processes in large-scale systems. This 
middleware hides the complexity of the underlying 
infrastructure while providing open interfaces to third 
parties for faster, cost-efficient development of new 
cooperative sensing applications. 
 
2.2. Objectives 
 
The goal of the EMMA project will be achieved by means 
of a number of specific objectives as follows [2]: 
i. To build a middleware platform and development 
environment that facilitates the design and 
implementation of embedded software for wicos. 
ii. To lab test this middleware on several wicos at 
different network levels: automotive subsystem, 
vehicle and supra-vehicle. 
iii. To validate EMMA wicos in the context of a number 
of applications. 
iv. To feed the project results into the relevant standards 
(e.g. automotive industry). 
v. To facilitate the access of SMEs (Small and Medium 
Enterprises) to the market of cooperative sensing 
systems for a specific middleware and targeted 
dissemination and awareness actions. 
 
2.3. Challenges 
 
The EMMA project has identified the following design 
issues which need to be addressed with middleware at 
different wicos network levels [4]: 
i. Use of low power and smart devices for sensing a wide 
range of parameters (i.e. vehicle speed, direction and 
presence) and communication. Smart devices reduce 
the operational cost of the network and increase the 
lifetime and reliability of the network. 
ii. Use of low power, reliable and energy efficient 
networking techniques between the wicos. Even 
though such techniques are in development in various 
projects, EMMA will investigate issues which are 
specific to the transport sector. 
iii. Use of distributed and resource sharing methods in 
wireless sensor networks composed of wicos. Since 
the device resources are limited, specific methods need 
to be adapted to collect or forward data from one wico 
to other wicos in the network. 
iv. Use of common communication protocols between 
devices at all levels including in the infrastructure. The 
protocols need to deal with security standards for 
automotive wireless communications and safety-
critical issues in the automotive applications. 
 
3. CROSS-LAYER FRAMEWORK DESIGN 
 
3.1. Classification of Frameworks 
 
The design of the framework will impact the performance 
and effectiveness of the cross-layer design because it serves 
as an important container for the cross-layer components 
and protocols. In this section, we outline a classification of 
cross-layer design frameworks and requirements for 
designing such framework for the EMMA Project. 
The growing interest in cross-layer design for WSNs due 
to its potential to become an alternative to inefficient 
traditional layered protocol architectures inspired some 
previous efforts for reviewing the framework design for 
WSNs [6]. Three typical cross-layer frameworks have been 
analyzed and classified based on their distinctive features 
and advantages as follows [6]: 
i. Adaptability-oriented [7] 
This framework aims to adapt to the changes in the 
environment of heterogeneous applications, hardware 
and the network itself. It is more suitable for structured 
WSNs. The topology manager and role-based code 
distribution algorithm are used to make dynamic 
distribution of code in network and adaptation 
possible. 
ii. Channel property-oriented [8] 
This framework uses an optimization agent (OA), 
which facilitates interactions between various protocol 
layers by serving as a core repository. This database 
maintains essential information (e.g. hop count, energy 
level, and link status) to be fed to other layers across 
the protocol stack. It can be used for EMMA, but it 
needs further development and evaluation. 
iii. Power efficiency-oriented [9] 
This framework proposes a horizontal architecture for 
the lower protocol stack and separates the cross-layer 
management entity from the protocol stack. It 
minimizes the energy consumption and at the same 
time eases the development of applications. It is 
possible that intensive interactions between the 
protocol stack and the cross-layer management entity 
would result in excessive power consumption and poor 
performance of the cross-layer framework. 
Our cross-layer framework design for the EMMA 
project is based on the first and second classes because they 
can adapt to the changes in different heterogeneous 
applications and provide the data exchange between the 
various protocol layers via a state repository. These 
frameworks should be able to jointly optimize the 
performance of WSN applications in terms of memory 
consumption and processing overhead while maintaining 
the advantages of traditional layered network architecture 
[5].  
 
3.2. Design Requirements 
 
In order to design the cross-layer framework, several 
aspects need to be considered and balanced such as 
modularity, system enhancement, stability and robustness 
[10]. The modularity of the communication protocols should 
be preserved to ensure stability, robustness, manageability 
of the protocol architecture and the overall system 
performance. It is also important to satisfy all dependencies 
and the interactions between different layers in cross-layer 
design, so that further design improvements and innovation 
can be easily developed. The requirements for designing the 
cross-layer framework are also consistent with EMMA 
project objectives and challenges that we have outlined in 
Section 2 related with efficient communication and energy 
conservation. Optimization Agent (OA) [8] and the 
programming abstraction for data exchange in TinyXXL [7] 
[11] will be integrated in this cross-layer framework in 
order to achieve these design requirements. 
 
4. PROPOSED FRAMEWORK DESIGN 
 
4.1. Architecture 
 
 
 
Figure 1. EMMA Cross-layer framework 
 
The architecture of the proposed cross-layer framework for 
the EMMA project uses an optimization agent based 
approach and TinyXXL [11] (see Figure 1). Our proposed 
framework is similar to the cross-layer optimization 
framework in [8] but the difference is that both inter-layer 
(across two or more nonadjacent layers) and extra-layer 
(between all layers and the OA database) interactions and 
data are managed and stored temporarily in the OA 
database. All these interactions and data can only be 
accessed through this data repository except for intra-layer 
(between adjacent layers) interactions where the exchange 
of information is directly across-two adjacent layers in 
sequential manner as in the layered model approach. 
This cross-layer framework architecture consists of 
several components that are integrated with the WSN’s 
protocol stack as follows: 
i. EMMA Middleware  
This lightweight data centric-middleware hides the 
underlying network environment complexity by 
insulating applications from explicit protocol handling 
and data replication. It consists of APIs for different 
communication technologies such as ZigBee and 
Control Area Network (CAN) and uses different 
communication technologies at different levels for 
specific applications. For example, CAN can be used for 
in-vehicle communication while Zigbee can be used for 
vehicle to infrastructure communication [4]. 
ii. Nano-QPlus  
Nano-Qplus is an OS platform for sensor networks in a 
ubiquitous environment. This new multi-threaded, 
lightweight operating system for low-power WSNs 
enables flexible and rapid prototyping of WSN 
applications [12]. It is a potential WSN operating system 
as an alternative to TinyOS [13]. The developers are 
currently modifying this OS for use in the EMMA 
project.   
iii. Optimization Agent (OA) 
This component facilitates cross-layer interactions by 
serving as a core repository where essential information 
(i.e. node identification number, hop count, energy level 
and link status) are maintained temporarily and are used 
as side information for other layers across the protocol 
stack [8]. This cross-layer data exchange will be 
declared using TinyXXL [11]. This programming 
abstraction helps to reduce memory consumption and 
processing overhead while largely preserving the 
modularity of components.  
 
4.2. Main Tasks 
 
 
 
Figure 2. Framework Main Tasks 
Figure 2 shows main tasks for designing, testing and 
developing the proposed cross-layer framework for the 
EMMA project applications in WSNs. The following are the 
details of the main tasks for constructing such a framework: 
i. Design and testing of the basic cross-layer functions: 
Our first objective is to design the basic cross-layer 
functions that we will use in constructing the 
framework for EMMA. These functions are based on 
cross-layer design requirements and chosen 
framework classification outlined in Section 3. 
ii. Testing the cross-layer functions with OA and 
TinyXXL data exchange: 
This task follows naturally after the first task. In 
addition to ensuring that each function is working 
correctly, the system as a whole needs to operate 
according to the specifications of OA and TinyXXL. 
Using TinyXXL has the advantage that it helps to 
avoid redundant data and removes redundant data 
gathering code. For example, if both the network and 
the medium access control layer can provide 
information about neighboring nodes, TinyXXL 
selects one of them to provide the data and possibly 
avoid unnecessary beacon messages. The OA can 
then use the data provided by TinyXXL to optimize 
the behavior of the protocol stack. 
iii. Testing the cross-layer functions with the EMMA 
middleware integration: 
This task integrates cross-layer design functions with 
EMMA middleware. The main role of the EMMA 
middleware is to convert operating system (OS) 
dependent functions to OS independent functions. 
This allows optimizing WSN applications using 
cross-layer design techniques in the heterogeneous 
environment. 
iv. Testing the integrated working cross-layer functions 
on the Nano OS platform: 
The integrated working functions of cross-layer 
design will be tested on Nano OS when this OS is 
available and all the cross-layer data exchange 
functions have been ported successfully to this 
platform. 
 
5. CONCLUSIONS 
 
In this paper we have introduced the EMMA Project and 
outlined the design of cross-layer frameworks and the 
requirements to design such a framework. Then, we have 
described a cross-layer framework design for EMMA using 
an optimization agent based approach and TinyXXL for 
data exchange. The main challenge is to construct the cross-
layer functions out of which we can build the complete 
WSNs because the extent of each block may differ from one 
communication technology or OS platform to another in the 
same application. Testing each function separately is 
essential in the construction of this cross-layer design 
system. Since the current implementation of TinyXXL is 
based on the TinyOS platform, we need to port the cross-
layer data exchange functions to the Nano OS platform.  
Our plans for future work are to extend the EMMA design 
to produce a generic cross-layer framework that can work 
on different communication technologies and OS platforms. 
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